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We have designed and fabricated bi-material microcantilevers with low conductance by minimizing
the width and thickness of the cantilevers while keeping them suitable for detection with an optical
deflection technique. The conductance of a cantilever is determined experimentally to be
3306 20 nWK1. Using this cantilever, we have measured less than 1 pW of heat flow through the
cantilever. The thermal noise-limited resolution of the cantilever is expected to be 50 fW. Such
cantilevers give us additional tools to probe thermal transport through nanostructures, especially
through single molecules where picowatt-level sensitivity is necessary.VC 2013 American Institute of
Physics. [http://dx.doi.org/10.1063/1.4795625]
Measurement of heat transport through single molecules
has proven elusive thus-far in the study of nanoscale heat
transfer. This measurement requires the ability to sense
smaller magnitudes of heat transfer than what is currently pos-
sible. A microfabricated suspended device has proven to be a
versatile platform for measurement of heat conduction through
single nanowires.1–4 It has been used extensively in measure-
ments of heat conduction through carbon nanotubes and silicon
nanowires, resolving power as small as 2 nW.2 More sensitive
measurements will allow for study of other interesting phe-
nomena, including heat conduction through polymeric nano-
wires and the effects of molecular chain alignment which is
believed to enhance thermal conductivity of polymers signifi-
cantly compared to that of bulk polymer.5 Such studies will
have valuable implications for design of thermal interface
materials. Looking further, while there have been measure-
ments made on electrical conductivity of single molecules,
heat conduction measurements on single molecules have pro-
ven inaccessible.6–10 Estimates place the conductance of single
molecules to be on the order of 10 pW/K.6,11 Thus, if a stable
temperature differential of 0.1K across a molecule can be
achieved, we may be able to probe single molecule thermal
properties with a picowatt-resolution thermal sensor.
The bi-material microcantilever is a particularly sensi-
tive calorimeter. A commercially available, triangular atomic
force microscope (AFM) cantilever was used to measure
power with resolution of 100 pW.12 The resolution of a simi-
lar triangular cantilever was improved to 76 pW by optimiz-
ing thicknesses of the films which make up the cantilever.13
By modulating the incident radiation at a frequency such that
the limiting noise was reduced beyond low frequency 1/f
noise, resolution was further improved to 40 pW.14 Recently,
a more complex microdevice consisting of a bi-material can-
tilever thermally isolated from its chip via long, thin beams
was reported with resolution of 4 pW.15
In this letter, we show that the conventional bi-material
cantilever can be modified, without sacrificing the ease of
measurement via the optical deflection technique,16 to enable
sub-picowatt heat transfer detection. We propose a design in
which the thickness and width of the cantilever are mini-
mized to reduce the thermal conductance of the cantilever.
We include in our cantilever design a wider area near the
end of the cantilever large enough to accommodate a focused
laser spot several micrometers in diameter. The formula for





¼ ðk1t1 þ k2t2Þw
L
; (1)
where k and t are the thermal conductivity and layer thick-
ness, respectively, w is the cantilever width, L is the length
from the cantilever base to the point at which the laser is
focused, and subscripts 1 and 2 denote the properties of the
two materials. Silicon nitride cantilevers were fabricated
with nominal dimensions L¼ 85 lm, w¼ 4 lm, t1 ¼ 130 nm.
We have chosen silicon nitride as the material for the base
cantilever because the thermal conductivity of silicon nitride
is about five times lower than that of silicon, leading to a
lower overall thermal conductance of the cantilever. Using
the nitride cantilever base thickness of 130 nm and bulk ma-
terial properties of silicon nitride and gold, we estimated the
thickness of the gold layer for maximum thermal sensitivity
to be 35 nm.13 Using thin-film thermal conductivities of
Si3N4 and Au (2.2Wm
1K1 and 85Wm1K1, respec-
tively17,18), we calculate the thermal conductance of our can-
tilever to be 153 nWK1. Gc was measured experimentally
using a technique outlined by Narayanaswamy et al.19 We
measured the conductance to be 3306 20 nWK1. (All
uncertainties quoted in this paper correspond to standard
error unless otherwise noted.) The discrepancy between
measured and calculated conductance can be attributed to
uncertainty in the material properties, quality, and thickness
of the thin films. A scanning electron microscope image of a
fabricated cantilever is shown in Fig. 1(a).
Two lasers are used in the experiment. Figure 1(b)
shows the optical apparatus by which the two lasers are
focused onto a single cantilever. The setup is similar to that
found in an atomic force microscope, with the addition ofa)Electronic mail: arvind.narayanaswamy@columbia.edu
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polarization optics and beamsplitters for the purpose of intro-
ducing the second laser into the system and keeping the two
lasers at near-normal incidence on the cantilever. The first
laser is focused near the free end of the cantilever and its
power is varied, thereby varying the heat flux to the cantile-
ver. A neutral density filter placed in front of the heating
laser allows us to control the power absorbed by the cantile-
ver to sub-picowatt values. A second laser is focused on the
same region of the cantilever and is used to sense the deflec-
tion of the cantilever. The position of the reflected spot from
the second laser is monitored with a position sensitive detec-
tor (On–trak PSM2–10 with OT–301 amplifier), thereby re-
cording deflection of the cantilever. The two lasers operate
at different wavelengths (heating laser at k1 ¼ 670 nm, sens-
ing laser at k2 ¼ 635 nm) so that the heating laser can be fil-
tered out by using an appropriate filter before the position
sensitive detector (PSD) and only the sensing laser spot is
incident on the PSD. The entire apparatus is suspended on a
passive vibration isolation platform inside a vacuum cham-
ber with pressure <1.5 mPa.
The power resolution measurement is performed by
modulating the power of the heating laser and using a lock-
in amplifier to detect the deflection of the cantilever. Figure
2(a) shows the normalized PSD signal, which is proportional
to cantilever deflection, versus the frequency of modulation
of the heating laser, measured with two gain settings of the
FIG. 1. (a) Scanning electron microscope image of a fabricated cantilever.
(b) Optical apparatus used to focus two lasers onto the end of one cantilever.
Isolator and polarization optics minimize reflected laser light returning to diode
optical cavity. A neutral density (ND) filter allows for control of the power
absorbed by the cantilever from the heating laser down to the sub-picowatt range.
FIG. 2. (a) Position sensitive detector signal proportional to cantilever
response versus heating laser frequency measured with lock-in amplifier. The
y-axis is normalized by the signal in the low frequency limit. The lower curve
is measured with the high gain setting of the PSD amplifier (G5 – bandwidth
310Hz), the setting used in experiments. The upper curve is measured with a
low gain setting which has a higher bandwidth (G2 – 15kHz). (b) Power spec-
tral density of the noise in the PSD signal. The lower curve is measured with
the high gain setting. The upper curve is measured with the low gain setting
which allows measurement of the first resonance unattenuated. Inset shows the
noise near the first resonance frequency together with the fitted curve described
in Eq. (4). (c) Signal-to-noise ratio computed from the corresponding signal and
noise measurements made with the high gain setting. SNR peaks around
380Hz.
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PSD amplifier (G2 – low gain, G5 – high gain). In the upper
curve, drop-off of the signal is due to the finite thermal time
constant of the cantilever; the lower curve exhibits additional
drop-off due to the lower bandwidth limit of the amplifier
high gain setting. In the case where the cantilever is heated
only at its end, the thermal time constant can be written as
s ¼ wL
2Gc
ðq1C1t1 þ q2C2t2Þ, where C is the heat capacity and
q is the density.12 Using bulk values for material properties
of gold and silicon nitride,13 the time constant for our canti-
levers is calculated to be 0:16ms. The time constant can be
determined experimentally as the inverse of that frequency
at which the cantilever oscillation magnitude has decreased
to 70% of the low frequency limit.20 This frequency is found
to be 560Hz and the corresponding time constant 0.29ms.
Figure 2(b) shows the power spectral density of the noise in
the detector signal, which includes contributions from the
laser diodes as well as electrical and mechanical sources.
Figure 2(c) shows the signal-to-noise (SNR) ratio for the
high gain setting of the PSD amplifier. The modulation fre-
quency of the heating laser was chosen to be the frequency
at which the SNR is maximized (380Hz in this case). The
laser was modulated with a sinusoidal signal from a function
generator (Agilent 33220A). The output signal from the
function generator was used as the reference signal for the
lock-in amplifier (Signal Recovery 7265).
In order to determine the heating laser power absorbed
by the cantilever, an optical power meter (Thorlabs S2120B)
was used to measure the laser power incident on, transmitted
behind, and reflected from the cantilever.19 Absorptivity
could thus be calculated as the fraction of power incident on
the cantilever that is not reflected or transmitted. Reflectivity
and transmissivity were measured on two different days on
which the experiment was run. The results of these measure-
ments are presented in Table I. Notice that because the
absorptivity is small, errors in the measured reflectivity and
transmissivity significantly affect the perceived absorbed
power. For comparison, reflectivity and transmissivity were
similarly measured for the laser spot focused on a suspended
structure with the same silicon nitride and gold layer thick-
nesses as the cantilever but with a much larger area. From
these measurements, the reflectivity and transmissivity were
measured to be 0:8666 0:003 and 0:0656 0:003, respec-
tively, yielding an absorptivity of 0:0696 0:006. Reflection
and transmission coefficients were also calculated for a four-
layer medium (vacuum – gold – silicon nitride – vacuum)
with the thicknesses of the gold and silicon nitride regions
35 nm and 130 nm, respectively. For the wavelength of the
heating laser, 670 nm, refractive index, n, and extinction
coefficient, j, used were n¼ 0.161, j ¼ 3:40 for gold,
n¼ 2.02, j ¼ 0 for silicon nitride.21 Reflectivity, transmis-
sivity, and absorptivity were calculated to be 0.847, 0.098,
0.055, respectively. Though we have confirmed that the
focused laser spot appears visually to lie within the cantile-
ver, a small fraction (<4%) is not incident directly on the
cantilever. This explains the larger value of transmissivity in
our measurements performed with the cantilever.
The PSD signal proportional to the deflection of the can-
tilever due to power absorbed at the end is plotted in Fig. 3.
For absorbed power <4 pW, a lock-in time constant of 100 s
was used corresponding to measurement bandwidth of
1.2 mHz. The other points are measured with a time constant
of 10 s corresponding to a 12 mHz bandwidth. A curve of
the form y ¼ a ffiffiffiffiffiffiffiffiffiffiffiffiffiffix2 þ x2np is fit to the full set of data shown in
the inset of Fig. 3.15 The term xn corresponds to the noise
equivalent power. To account for the error in measured
absorptivity, a Monte Carlo simulation is performed whereby
1000 random absorptivity values are generated such that
they obey a normal distribution with the same mean and
standard deviation as in the measured absorptivity value. We
use this distribution to generate 1000 data sets and perform
the curve fitting as many times. The slope determined by this
fitting method, a, is found to be 3406 20 nV=pW. The noise
equivalent power, xn, is found to be 0:96 0:3 pW. The errors
in the fitting parameters signify the interval in which 95% of
the values lie. Using the measured thermal conductance of
the cantilever, this corresponds to temperature resolution of
2:86 0:9lK.
Our power measurement is limited by noise from the
electronics, primarily the PSD amplifier, and from mechani-
cal vibrations, primarily from the vacuum pump. If these
sources of noise can be suppressed, the minimum power de-
tectable by the cantilever sensor is limited by the thermal
noise of the cantilever. The thermal noise-induced mean-
squared amplitude fluctuations of the cantilever at frequency
, denoted as hdz2ðÞi, can be written as22
TABLE I. Cantilever absorptivity measurements performed during collec-
tion of two different data sets.
Data set Reflectivity Transmissivity Absorptivity
1 0.8316 0.003 0.1236 0.001 0.0466 0.003
2 0.8136 0.002 0.1316 0.001 0.0556 0.002
FIG. 3. Position sensitive detector signal corresponding to cantilever deflec-
tion plotted against change in power absorbed at the cantilever end. For
absorbed power<4 pW (>4 pW), a lock-in time constant of 100 (10) s was
used and each point represents the mean of 4 (10) individual measurements,
and the error bars represent the standard error. The dotted line corresponds
to the noise floor of the system for a time constant of 100 s (1.2 mHz mea-
surement bandwidth). The noise floor is determined using the measured
noise at 380Hz from the noise spectrum presented in Fig. 2(b). The inset
shows the cantilever response over a larger range of absorbed power.
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where B is the bandwidth of the measurement, kc is the
spring constant of the lever, k is the natural resonant fre-
quency, and Q is the quality factor of the cantilever at that





















to the measured mean-squared voltage fluctuation near the first
resonant frequency.23 The fitting parameters are A1, A2, Q, k,
and hV2ðkÞi; the fitted curve is shown in the inset of Fig. 2(b).
From this fit, we find Q¼ 4866 2; k ¼ 9565:606 0:03Hz
and hV2ðkÞi ¼ ð11346 3Þ  1010 V2Hz1. A calibration of
the detector signal performed by displacing the cantilever tip
by a known distance with a piezoelectric transducer yields
hdz2ðkÞi ¼ ð1246 4Þ  1022 m2Hz1.23 We then calculate
the experimentally determined spring constant for our cantile-
ver, kc ¼ ð1076 4Þ  104 Nm1. Returning to Eq. (2), we
can find the noise due to thermal vibrations of the cantilever
for the low gain setting of the PSD amplifier. Because we use
the high gain setting for our measurements, we scale this value
according to the transfer function relating the signal for the
two gain settings, yielding the cantilever thermal noise limit as
measured with the high gain setting of the PSD amplifier to be
ð186 3Þ  1014 V2Hz1. Using the slope, a, from the fit to
our experimental results, we determine the thermal noise-
limited power sensitivity of our cantilevers for a 1.2 mHz mea-
surement bandwidth to be 446 5 fW.
In summary, we have developed and fabricated ultrasen-
sitive cantilevers capable of measuring absorbed power as
small as less than 1 pW. With improvements to the
apparatus, we should be able to approach cantilever thermal
noise-limited power sensitivity of 50 fW. The demon-
strated sensitivity of these cantilevers makes them a valuable
tool for investigation of nanoscale thermal transport and
potentially single molecule thermal transport.
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